Skin pigmentation is one of the most strikingly variable phenotypes in humans, therefore making cutaneous pigmentation disorders frequent symptoms manifesting in a multitude of forms. The most common among them include lentigines, postinflammatory hyperpigmentation, dark eye circles, and melasma. Variability of skin tones throughout the world is well-documented, some skin tones being reported as more susceptible to pigmentation disorders than others, especially in Asia and India. Furthermore, exposure to ultraviolet radiation is known to trigger or exacerbate pigmentation disorders. Preventive strategies for photoprotection and treatment modalities including topical and other medical approaches have been adopted by dermatologists to mitigate these disorders. This review article outlines the current knowledge on pigmentation disorders including pathophysiology, molecular profiling, and therapeutic options with a special focus on the Indian population.
Introduction
Variability of constitutive pigmentation around the world is well-established, with some skin tones, especially in Asian and Indian subjects, reported to be more susceptible to pigmentation disorders than other human groups. [1, 2] This review mostly focuses on the skin pigmentation and its variation, as well as associated pigmentary disorders among the Indian population. The influence of ultraviolet (UV) exposures on skin pigmentation and their role in pigmentary disorders will be discussed with insights in UV-induced biomarkers that were previously identified, using reconstructed skin models relevant for decoding the underlying mechanisms. Furthermore, treatment strategies as well as photoprotective measures for pigmentation disorders are included.
Melanogenesis and Skin Complexion
Melanin is the primary pigment that determines the color of the skin. Melanin is produced by epidermal melanocytes through enzymatic oxidation of tyrosine, a process known as melanogenesis which takes place within specific organelles, melanosomes. [3] After maturation, melanin is transferred into the surrounding keratinocytes. The epidermal melanin unit is defined as the association that involves one melanocyte and about forty keratinocytes. Constitutive pigmentation depends on the amount of melanins, their quality and relative composition between eumelanin (brown/black pigment) and pheomelanin (yellow-reddish pigment), the mode of transfer and processing of melanosomes inside the keratinocytes, and not on the number of melanocytes, which is relatively constant in a given skin site, irrespective of the color skin type. The type and amount of melanin are under the control of several genes with a great number of alleles, resulting in wide variations of skin colors. While pheomelanin is thought to be photoreactive, eumelanin has been found to dissipate >99.9% of absorbed UV and visible rays and therefore acts as primary photoprotectant. [4] Interestingly, a recent study shows that human epidermis comprises approximately 74% of eumelanin and 26% pheomelanin, regardless of the degree of pigmentation. [5] The same study showed a good correlation between constitutive pigmentation and total melanin content assessed by three different methods.
Variation in skin tone is one of the prominent distinguishable features of human beings. Skin pigmentation in humans is variable and has evolved predominantly to regulate the penetration of UV levels. [2] A direct correlation has been observed between the geographical distribution of UV radiation and skin pigmentation worldwide. [6] Dark-skinned populations are predominantly seen in geographical areas located closer to the equator as these areas receive high amounts of UVB radiation. Light-skinned populations are observed to be located far from the tropics and closer to the poles, which receive low-intensity UVB radiance. [7] In females, the lighter skin complexion is thought to have evolved to allow UVB-induced synthesis of Vitamin D3 required for pregnancy and lactation. [2] As mentioned above, human skin pigmentation is a heritable trait controlled by a number of genes. In a study by Shriver et al., [8] genotyping studies revealed differences in the allelic frequencies of several genes in three populations of different descent. Among these, TYR and OCA2 genes were found to play a role in skin pigmentation in African and European populations. In another genome-wide association study, polymorphisms in SLC24A5, TYR, and SLC45A2 genes were found to be significantly associated with skin pigmentation in a population of South Asian descent. [9] The color of the Indian skin shows a wide variability. Hourblin et al. studied a range of skin parameters including color, among 1204 women volunteers across Indian four cities. [10] They reported that the complexion in Indian population ranged from whitish to brown and that skin complexion ranged from fairer in North India to darker in South India [ Figure 1 ]. This wide diversity in pigmentation among the Indian population can occur due to the presence of several gene polymorphisms. In this context, Mukherjee et al. studied allelic frequencies of single nucleotide polymorphisms in four pigmentation-related genes including SLC45A2, SLC24A5, MC1R, and TYRP1 in 749 individuals from 11 sub-populations suggesting significant allelic variations across studied populations. [11] 
Common Pigmentary Disorders -Focus on the Indian Scenario
This section includes studies carried out on the variation of Indian skin tones across various geographical locations and their susceptibility to common pigmentation disorders. A large sample study across four Indian cities revealed that more than 80% of the population present skin color heterogeneity on the face, irrespective of age and gender. [10] This heterogeneity mainly results from hyper-pigmented spots, melasma and ill-defined pigmented macules and dark circles. [10] In addition, these different lesions often coexist. In this study, hypopigmentary disorders are less frequent, such as vitiligo, pityriasis alba, pityriasis versicolor, hypopigmented leprosy, nevus achromicus, and albinism and some hyper-pigmentary disorders such as idiopathic guttate and confluent hypermelanosis, lichen amyloidosis, and nevus of Ota. [12, 13] Pigmentary disorders cause psychological distress and negatively impact the quality of life of an individual. [14] Three important hyperpigmentary disorders in India, namely, melasma, postinflammatory hyperpigmentation (PIH) and actinic lentigines will be detailed below, and the role of UV exposure in their pathogenesis will be emphasized.
Melasma
Melasma, an acquired pigmentary disorder is characterized by hyperpigmented brown to grayish brown macules on the face. It occurs mainly in women (90% cases) and 10% of males of all ethnic and racial groups. [15] In India, 20-30% of 40-65 years old women present a facial melasma. [10] The current classification of melasma is based (CIE 1976) . The vertical axis L* is the luminance or lightness of the skin and the horizontal axis b* is the yellow component of the skin. Skin color categories from fair to intense dark and individual typological angles are indicated on the site of lesion and on the depth of pigmentation that is determined histologically or instrumentally within the epidermis, dermis or both. [16] [17] [18] [19] While the exact cause of melasma is currently unknown, exposure to UV, increased estrogen levels (observed mainly during pregnancy or use of oral contraceptives), genetic predisposition and phototoxic drugs are known to play a major role in the development of this hypermelanosis disorder. [18] Other factors implicated in its etiology include ovarian dysfunction, thyroid and/or liver diseases. [16] The role of UV exposure has been shown to being crucial in development but mainly exacerbation of melasma. [20] [21] [22] Epidemiological studies revealed that in more than 25% of cases, an association with sun exposure has been declared. [23, 24] At the molecular level, it is well-established that exposure to UV rays induce increased production of alpha-melanocyte-stimulating hormone and corticotrophin as well as interleukin (IL)-1 that, in turn, contribute to increased melanin production. In addition, overexpression of dermal stem cell factor and its receptor, c-kit, have been identified in melasma lesions and are believed to increase melanogenesis. [25] More generally in melasma, paracrine melanogenic factors have been identified from keratinocytes, mast cells or dermal fibroblasts. [20] However, it seems that melasma results from complex interactions of various causative factors, UV exposure(s) included.
Postinflammatory hyperpigmentation
PIH is an acquired pigmentary skin disorder. [26] It occurs as a result of an inflammatory reaction, induced by cutaneous diseases including acne vulgaris, atopic dermatitis, psoriasis, impetigo, lichen planus, pityriasis rosea, irritant and allergic contact, photocontact-dermatitis and insect bites as well as a complication of laser therapy. It has been shown that severity and frequency of PIH are both increased in individuals with skin of color of both genders. [27, 28] In India, a majority of subjects with an acne history present pigmented postinflammatory marks: More than 70% before 35 years old, both in women and men. This prevalence rapidly decreases with age to involve <10% of people older than 50 years. This observation is directly related to the high prevalence of acne in progress observed in the study. [10] PIH can last from months to years and may significantly impair the quality of life of affected individuals. The severity of PIH has been observed to be higher in prolonged and/or recurrent inflammation when compared with short-term acute inflammation. [29] Inflammation of the epidermis results in the production and release of several cytokines, prostaglandins, and leukotrienes, that stimulate the epidermal melanocytes leading to an increased synthesis of total melanin. [27, 30] Most of these factors are also produced under solar stimulation supporting the role of UV exposure in the initiation and exacerbation of PIH. In addition, cutaneous inflammation also causes damage to the basal layer resulting in a leakage of melanins from basal keratinocytes and the subsequent accumulation of melanophages in the dermis thereby exacerbating dermal hyperpigmentation. Esthetic procedures and light-based treatments can also induce PIH, especially in darker-skinned patients. [31] Lentigines Actinic lentigines also called solar lentigines or lentigo senilis, are light brown to dark brown, spots, even-colored or reticulated patches occurring mainly in sun-exposed areas. The dorsal aspects of the hands, extensor forearms, upper trunk and face are the most commonly affected sites. They might be sometimes solitary, but these lesions are more often multiple. Actinic lentigines are considered to be a clinical sign of photoaging and their frequency increases with age. [32] [33] [34] [35] Their number is an indicator of the amount of sun exposure over the course of a life-time and therefore shows an increased risk for developing skin cancers. [36] [37] [38] They are more characteristic of fair to the medium photoaged skin, and prevalence in India is quite close to other Asian countries. It affects one-third of women about 50 years old in the large sample study carried out in India and concerns half of the population over 70 years old. [10] Actinic lentigines are sometimes difficult to distinguish from seborrheic keratosis or simplex lentigos. The presence of the three entities often causes distress to the individual due to their color, number, size, location, and their known link to aging for two of them. At the histological level, actinic lentigines are characterized by a hyperpigmented basal layer which is due to an increased total melanin content of the epidermis (hypermelaninosis). [39] The number of melanocytes was found increased in some studies (hypermelanocytosis), [40] whereas others did not reveal any differences. [39] The global architecture of the epidermis is often disorganized with broadened rete-ridges and includes long, short, crowded, and bulbous buds. [34, [41] [42] [43] In addition, the rete-ridges of the dermal-epidermal junction are altered and elongated resulting in a protrusion of the epidermis into the dermis. [41, 42, 44] Although a strong association between actinic lentigines development and UV exposure has been observed, the underlying molecular mechanisms are still not fully understood. a potential role of keratinocyte growth factor has been recently suggested as well as the involvement of other dermal factors. [43, 45] 
Periorbital hyperpigmentation
Periorbital hyperpigmentation (POH) also known as dark circles or periorbital melanosis or periocular hyperpigmentation which surround the eyelids is a significant problem found especially in Asians. The overall prevalence of Indian women is 50% with moderate to severe dark circles on the upper eyelid and increases with age. In a study, the most common form of POH was constitutional/genetic type (n = 103, 51.5%) followed by postinflammatory type (n = 45, 22.5%) with very little knowledge about etiology. [46] Other studies describe POH as acquired idiopathic patterned facial pigmentation [47] or idiopathic cutaneous hyperchromia at the orbital region (ICHOR) [48] that manifests due to genetically determined increased pigmentary functional activity. Both studies have indicated sun exposure as a risk factor for aggravation. Ranu et al. [49] attributed vascular factors, constitutional factors and postinflammatory pigmentation and shadow effects as reasons for ICHOR. Verschoore et al. [48] also found vascular factors to be causative in periorbital pigmentation. Malakar et al. [50] concluded that periorbital melanosis was an extension of pigmentary demarcation lines of the face.
Ultraviolet-induced Damage: A Cause for Exacerbation of Pigmentation Disorders
Considering that UV exposure is the most important factor that influences skin pigmentation, and more so in fairer skin tones (photo-types I-IV) and the major environmental stress involved in the development of several hyperpigmentation disorders, researches on the precise biological effects of UV exposure are crucial. UVB (290-320 nm) are the more energetic of the UV rays and are capable of inducing direct DNA damage through the production of cyclobutane pyrimidine dimers and 6-4 photoproducts. [51] In contrast, UVA rays (320-400 nm) mainly cause the production of reactive oxygen species (ROS) that, in turn, can be responsible for indirect DNA damage and activation of several pathways. UVA rays can also penetrate deep into the skin, reaching the basal layer of the epidermis and dermis. [52] UVA rays are considered as major actors for the photoaging process. Several works studied the effect of UV radiation on the skin at the molecular level. Reconstructed skin models have been shown to mimic the biological properties of human skin in vivo, such as the three-dimensional architecture, the formation of a fully differentiated epidermis and a dermal equivalent that comprises matrix components and living dermal fibroblasts. The effects of both UVA and UVB on keratinocytes and fibroblasts were examined in a reconstructed skin model. [53] After UVB exposure, several well-known epidermal biomarkers of a sunburn reaction were found induced similarly to the in vivo situation, such as DNA lesion formation, p53 accumulation or sunburn cell formation. [54] Apart from the classical activation of melanogenesis by UV exposure, it has been shown that both DNA damage but also the subsequent accumulation of p53 protein act as stimulators of melanogenesis, resulting in an increased pigmentation. [55, 56] UVA exposure led to ROS formation in both compartments, with direct alterations in the dermal equivalent, and an increase in inflammatory mediators such as IL-1 or IL-6. [57] Both UVA and UVB induced expression of matrix degrading enzymes such as matrix metalloproteinases 1 (MMP-1), either directly in dermal fibroblasts after UVA exposure or through secretion of soluble epidermal factors after UVB exposure. [58] Marionnet et al. recently studied the biological effects of UVA1 (340-400 nm) exposure. UVA1 is the most abundant part of the sun UV spectrum that reaches the earth surface, leading to high annual doses in Asia and India. [59] It was observed that although less energetic than UVB or UVA2, UVA1 induced ROS production in the whole skin depth, thymine dimer formation, lipid peroxidation and apoptosis in fibroblasts. Further, using a full genome transcriptomic study, a differential regulation of 461 genes in epidermal keratinocytes and 480 genes in dermal fibroblasts was found induced by exposure to UVA1, of which genes encoding heat shock and oxidative stress proteins were clearly up-regulated. Genes belonging to a variety of functional families were also found modulated by UVA1 exposure, especially genes related to immune function, including proinflammatory actors. Among them, several have been shown participating in UV-induced pigmentation. Altogether, this data support the fact that the whole UV spectrum is responsible for cellular responses and tissue damage that are in turn involved in the stimulation of pigmentation and development or exacerbation of pigmentary lesions.
Correction of Pigmentary Disorders

Treatments of pigmentary disorders
Topical treatment is an effective treatment modality for pigmentary disorders and hydroquinone (HQ), a hydroxyphenol, has been widely used across the world as the treatment of choice. [60] HQ inhibits tyrosinase and 4% can be used twice daily for up to 6 months for PIH. Nonphenolic agents, such as kojic acid and tretinoin, [61, 62] are also proven effective topical depigmenting agents. Monteiro et al. found that 0.75% kojic acid cream was less efficacious and had a slower rate of clinical improvement when compared to 4% HQ cream which is a better topical hypopigmenting agent. [63] However, monotherapy is often associated with undesirable side effects, in contrast, a combined therapy, such as Kligman and Willis's triple combination, [64] is favored since offering an improved efficacy coupled with minimized side-effects.
Several studies have been performed to explore the role of topical retinoids in the treatment of pigmentary disorders including melasma, actinic lentigines, and PIH. [28] Clinical studies have demonstrated the efficacy of retinoids such as tretinoin (all-trans retinoic acid [RA]), isotretinoin (13-cis-RA), tazarotene, and adapalene in the treatment of these disorders. A summary of retinoids in the treatment of hyperpigmentation disorders is provided in Table 1 . Adapalene gel also improved actinic lentigines in another randomized trial. [69] HQ and triple combination formulations are currently the gold standard for treating melasma. [75] Other groups have studied triple combination consisting of tretinoin, HQ and fluocinolone acetonide, a corticosteroid in multi-center, randomized, investigator-blind studies, and observed reduction in melasma. [71] [72] [73] Triple combination creams were also found effective in lightening actinic lentigines in a randomized clinical trial. [74] Other topical agents including azelaic acid, kojic acid, ascorbic acid, glycolic acid, and salicylic peels have also been tried with variable degrees of success. [76] Newer topical agents including soy extracts, licorice extract, mulberroside F, N-acetyl glucosamine, niacinamide, resveratrol, rucinol, dioic acid, and ellagic acid have revealed considerable amount of success in the treatment of hyperpigmentation disorders. [77] During the last decade, laser technologies have been increasingly used in the treatment of dermatological disorders. Currently, several laser options are available for the treatment of hyperpigmentation disorders including Q-switched (QS) ruby, QS alexandrite, QS neodymium:yttrium-aluminum-garnet (Nd:YAG), and fractional photothermolysis. A summary of different lasers used in the treatment of hyperpigmentation disorders is provided in Table 2 . In a study by Taylor et al., QS ruby laser-based treatment of eight subjects with melasma and PIH was found ineffective. [88] However, multiple sessions of the low dose QS ruby laser was found beneficial in the treatment of melasma in fifteen Korean women, leading to decreased melasma area and severity index scores after the final treatment. [78] Treatment of melasma with QS alexandrite laser alone showed mixed results. However, improved outcome of treatment with QS alexandrite laser was observed when combined with pulsed CO 2 laser. [79] The use of QS Nd:YAG laser was found effective in the treatment of melasma. In a study comprising 25 women with melasma, 44% of the women showed marked improvement with QS Nd:YAG treatment during a 2-month follow-up posttreatment. [83] Fractional laser photothermolysis is commonly used in the treatment of hyperpigmentation disorders. Rokhsar and Fitzpatrick examined the efficacy of fractional photothermolysis in the treatment of melasma and found that 60% of the patients showed 75-100% improvement. [85] Fractional photothermolysis was found to confer at least 20% improvement in six Chinese patients with resistant melasma. [84] Further, fractional photothermolysis was found effective in the treatment of PIH [87] and refractory arcuate hyperpigmentation. [86] Griffiths et al., [65] Kimbrough-Green et al. [66] Tretinoin Postinflammatory hyper-pigmentation Topical 0.1% application of tretinoin significantly lightens postinflammatory hyperpigmentation and, to a clinically minimal but statistically significant degree, lightens normal skin in black persons Bulengo-Ransby et al. [67] Tretinoin Actinic lentigines Topical 0.1% tretinoin significantly improves both clinical and microscopical manifestations of actinic lentigines; these lesions do not return for at least 6 months after therapy is discontinued Rafal et al. [68] Adapalene Actinic lentigines Adapalene gel 0.1% and 0.3%, the mean number of actinic keratoses was reduced by 0.5±0.9 and 2.5±0.9, respectively
Kang et al. [69] Tazarotene Postinflammatory hyper-pigmentation Tazarotene 0.1% cream produces significantly greater reduction in overall disease severity, intensity and area of hyperpigmentation within 18 weeks compared to vehicle Grimes and Callender [70] Triple combination of tretinoin, HQ and fluocinolone Melasma Tretinoin (RA) 0.05%, HQ 4.0%, and FA 0.01%; RA + HQ + FA produces significant improvement in melasma compared with the other treatment groups
Taylor et al., [71] Chan et al., [72] Grimes et al. [73] Triple combination of tretinoin, HQ and fluocinolone
Solar lentigines
Triple combination cream; significantly reduced melanin levels and lentigines count in 2 weeks
Hexsel et al. [74] HQ: Hydroquinone, RA: Retinoic acid, FA: Fluocinolone acetonide
Daily Photo-protection, a Way to Prevent Pigmentary Disorders
Since solar exposures have been clearly involved in several short-and long-term harmful effects on the skin including the development of pigmentary disorders, strategies to achieve an even tone complexion and treat skin hyperpigmentation include exogenous protection approaches such as photoprotection, for reducing the deleterious effects of UV exposure. [89] They comprise a battery of exogenous and complementary photoprotective cautions or items such as sun avoidance, clothing or use of broad-spectrum sunscreens. Clothing and hats have been proposed as an important photoprotective strategy [90] with some advantages such as the high compliance from patients. Studies by Gambichler et al. concluded that 67% of the 236 tested summer apparels offered a UV protection factor (UPF) value of 15 and above. [90] They also observed that 70% of the wool, polyester, and fabric blends brought UPF values of above thirty as compared to <30% of cotton, linen, and viscose fabrics. Other studies have shown that rather than the nature of the garment, their weaving (tight or not) is absolutely crucial. [91, 92] However, clothing does not offer protection against UV exposure to the uncovered anatomical sites such as a facial region for which the use of sunscreens remains the most efficient exogenous photoprotective strategy.
Two types of sunscreens have to be distinguished, i.e., organic or mineral-based sunscreens. The first ones act by strong absorption of wavelengths over a defined spectrum (in UVB or UVA or both), whereas those of mineral origin (titane dioxide and zinc oxide) reflect or diffuse UV rays along the all UV band. [93] This explains why these mineral-based sunscreens are most often combined with organic sunscreens to extend the broadness of protection. Currently used organic sunscreens comprise butyl methoxydibenzoylmethane (BMDM or avobenzone), terephthalylidene dicamphor sulfonic acid (TDSA or Mexoryl ® SX), drometrizole trisiloxane (DTS or Mexoryl® XL), methylene bis-benzotriazolyl tetramethylbutylphenol and bis-ethylhexyloxyphenol methoxyphenyl triazine. [94] TDSA or Mexoryl ® SX has been previously shown to prevent DNA damage, [95] photoaging, [96] UV induced-pigmentation, [97] and UV-induced immunosuppression. [98] Final sunscreen products are usually a combination of UVB and UVA absorbers (and mineral sunscreens) leading to an absorption profile against the majority of the UV spectrum. Broad-spectrum sunscreens (UVB-UVA) offer considerable protection against UV exposure, especially in daily UV exposure conditions, representative of realistic everyday life sun exposure conditions. This was illustrated by Marionnet et al., who assessed gene expression in reconstructed skin models following exposure to standard UV daylight spectrum (daily UV radiation [DUVR]) using quantitative polymerase chain reaction arrays. [99] DUVR exposure led to altered regulation of 35 genes in fibroblasts and 66 genes in keratinocytes, which were involved in a host of processes including oxidative stress response, cell growth, and inflammation among others. In contrast, DUVR-exposed models in the presence of a sunscreen product with sun protection factor of 13 and UVA protection factor of 10.5 showed a significant reduction in DUVR-induced alterations of gene expression. Regular use of broad spectrum sunscreen has been shown to be effective in reducing the development of squamous cell carcinoma as well as actinic keratoses [100] and clinical signs of photoaging. [101] Regarding pigmentary disorders, ICHOR has been shown being prevented using sunscreens. [48] In India, high incidence of melasma in high-altitude, sun-exposed environments confirms that skin disorders often seen in darker skin phenotypes are related to UV exposure. [102] Further, the use of sunscreens has been shown to offer protection against hyperpigmentation disorders [103] The primary treatment of PIH aims at preventing and treating the underlying inflammatory condition. A study in Moroccan pregnant women demonstrated the effectiveness of photoprotection from melasma using sunscreen on the darker skin sites. [104] Only 3% of the 185 patients who used sunscreens developed melasma. As Indians present with several sun-induced damages including hyperpigmentation and photoaging, [10] the use of sunscreens is therefore of paramount importance in the Indian scenario. In a previous study with more than 300 Indian patients with melasma, only 10% of the patients were found to use sunscreens. [105] This emphasizes the need for greater awareness of UV-induced skin disorders and their prevention in the Indian society. [78] Q-switched alexandrite laser combined with pulsed CO 2 laser Melasma Angsuwarangsee and Polnikorn, [79] Nouri et al. [80] Q-switched neodymium: aluminum garnet laser Melasma Zhou et al., [81] Choi et al., [82] Cho et al. [83] Fractional laser Melasma, postinflammatory hyper-pigmentation Naito, [84] Rokhsar and Fitzpatrick, [85] Cho et al., [86] Katz et al. [87] Future Outlooks
Hyperpigmentation disorders are common within the Indian population. Most of these disorders are attributed to or exacerbated by solar exposure. Photoprotection has been recommended as the best and primary strategy to achieve a flawless skin to inhibit the triggering events. One of the most efficient strategies to achieve an efficient photoprotection implies the regular use of a broad-spectrum sunscreen. In India, photoprotection is often ignored and hence regular sunscreen use is not followed. Indian population also presents a large variety of sun-induced damage including hyperpigmentation and photoaging. Campaigns to raise awareness of UV-induced skin hyperpigmentation are necessary to educate the general public and enhance the strict use of sunscreen for the management of these disorders.
Molecular characterization of the Indian skin needs to be carried out to develop better skin products targeted specifically to the Indian market. Testing of new ingredients that modulate pigmentation through controlled clinical trials would also be desirable.
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What is new?
The role of solar UV exposures in the development or exacerbation of pigmentary disorders is now indisputable. The contribution of the whole UV spectrum, including UVB, UVA2 and long UVA1 wavelengths is now evidenced up to the molecular level. A first line of prevention and treatment of hyperpigmented disorders is therefore a regular use of a broad spectrum photoprotection, together with education of the population.
